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Abstract
The determination of welded steel sheet assemblies high cycle fatigue properties is a prior concern of the automotive
industry. Such assemblies are designed as high-safety parts, for which any fatigue failure is supposed to be prevented.
Thus, the determination of complex structures stress ﬁeld is necessary to design them. Even though ﬁnite element
models are more and more accurate, experimental methods for the stress ﬁeld tensors measurement under cyclic loadings
are useful to validate those models. The purpose of this work is the experimental determination of the ﬁrst stress tensor
invariant amplitude at the surface of a complex structure under cyclic loading, a car wishbone, with a method based on
thermal measurements, the Thermoelastic Stress Analysis (TSA). Parameters which have an inﬂuence on the measured
temperature at the surface of the structure are studied, including the non-adiabatic behaviour of specimens due to a
heterogeneous stress ﬁeld and the inﬂuence of the paint used to measure the temperature with an infra-red camera. All
these parameters are taken into account to determine successfully the wishbone stress tensor amplitude during a cyclic
test.
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1. Introduction
The determination of structures fatigue limit is a prior concern of the automotive industry, especially
concerning chassis system components such as wishbones, which insure the connection between the wheels
and the chassis. Because of they are high safety parts, any fatigue failure is supposed to be prevented.
In order to prove the structure reliability, fatigue tests have to be performed to validate fatigue strength.
Fatigue models and fatigue limit determinations are based on the stress ﬁeld where the structure undergoes
cyclic loading. Thus, when fatigue tests are performed on a structure to validate its fatigue strength, it is
interesting to insure that the experimental stress ﬁeld corresponds to the numerical stress ﬁeld obtained from
ﬁnite element method. Whereas strain gauges are used for simple specimen with a homogeneous stress ﬁeld,
it is much more diﬃcult to determine the stress ﬁeld within a complex structure.
The Thermoelastic Stress Analysis (TSA) method oﬀers the possibility to validate the stress ﬁeld by
observing the temperature evolution of the studied specimen under loading. When a specimen or a structure
experiences cyclic loading, its temperature changes with an amplitude proportional to the local stress ﬁrst
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invariant (I1) [1, 2]. If the specimen has an adiabatic behaviour under the considered loading conditions, the
determination of I1 from thermoelastic coupling is directly obtained by the use of the TSA coeﬃcient [3].
This method has also been successfully applied to other materials such as composites [4].
This paper deals with the stress analysis of a complex structure, a car wishbone, with the TSA method.
At ﬁrst, the basis of the TSA method is described, and parameters which have to be taken into account
to provide eﬃcient results, such as loading frequency, paint eﬀects and stress heterogeneities eﬀects, are
discussed. Then, the studied structure and its experimental devices are described, and displacement mea-
surements are performed to validate a ﬁnite element model of the structure. Finally, the TSA method is
applied to the specimen, and results are compared to those obtained by the ﬁnite element model.
2. Thermoelastic coupling
In this section, the TSA analysis is ﬁrst presented for a simple tensile load case, then it is extended to
heterogeneous cases, where some parameters have to be taken into account to obtain good results.
2.1. General framework
As explained in the introduction, when a specimen is submitted to cyclic loading, its temperature evolves
due to thermoelastic coupling.
In the case of an homogeneous loading, such as a traction test, the stress ﬁeld is uniform and then the
thermoelastic stress amplitude too. In such case, the 0D heat equation leads
θ˙(t) +
θ(t)
τeq
=
S (t)
ρC
, (1)
with θ [K] the temperature evolution, τeq an equivalent time scale resuming the boundary thermal inﬂu-
ence around the specimen, ρ [kg.m−3] the mass density, C [J.kg−1.K−1] the speciﬁc heat capacity and
S (t) [kg.m−1.s−3] the heat source. This equation is commonly used in the literature [5], and is applied
to determine the temperature evolution during cycling tests. According to [6], in the case of thermoelastic
coupling studies, the heat source caused by this phenomena for a cyclic loading at a frequency f [Hz] can
be described by
S (t) = −2αT0I1ampπ f cos(2π f t), (2)
with α [K−1] the linear thermal expansion coeﬃcient, T0[K] the initial temperature, f [Hz] the loading
frequency and I1amp [MPa] the ﬁrst stress tensor invariant amplitude. The resolution of Eq. 1 with this
source term leads to
θthermo(t) = I1amp
αT0
ρC
1√
1 + 1(2π f τeq)2
[
exp(− t
τeq
) sin(arctan(
1
2π f t
)) − sin(2π f t + arctan( 1
2π f t
))
]
. (3)
The steady-state solution is reduced to
θthermo(t) = −I1ampαT0
ρC
sin
(
2π f t + arctan
(
1
2π f t
))
(4)
if the loading frequency is high enough, i.e. 1(2π f τeq)2 << 1, which consists in considering the material as hav-
ing an adiabatic behaviour. The ﬁrst stress tensor invariant can be deduced from temperature measurement
by
I1amp = −θamp ρC
αT0
, (5)
where θamp [K] is the observed amplitude of the cyclic temperature evolution.
A tensile test is performed to identify the factor ρC
αT0
. Cyclic tensile loads are applied to a bar specimen
with a length of 80 mm, a width of 38 mm and a thickness of 3 mm. The loading frequency is set to
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10 Hz, which is suﬃcient to consider adiabatic behaviour ( 1(2π f τeq)2 = 10
−8), and thus Eq. 5 relevance.
During loading, the temperature at the surface of the specimen is measured by a CMOS infrared camera,
the Flir System SC7000, with a matrix resolution of 640 × 512 pixels. In order to avoid reﬂections from the
environment, the observed area is covered with a high emissivity black paint (Jelt heat resistant black matt
paint). Due to temperature measurement method which requires paint, the interpretation of the observed
temperature have to take into account the emissivity which leads to
I1amp = −θmeaamp
ρC
αT0
, (6)
where  [] is the paint emissivity and θmeaamp[K] the measured temperature amplitude.
Fig. 1 shows the temperature amplitude observed for several loading cases. As expected, the amplitude
is proportional to the loading amplitude, and the identiﬁed TSA parameter ρC
αT0
is shown on the same ﬁgure,
associated to the slope of the regression straight line. The TSA parameter being identiﬁed on a test with
homogeneous stress state, the case with heterogeneous stress ﬁeld is studied in the following.
Fig. 1: Experimental thermoelastic coupling for the tensile test and identiﬁcation of the TSA parameter ρCαT0
2.2. Thermoelastic coupling for heterogeneous stress ﬁelds : application to a bending test
In a case where the stress ﬁeld is heterogeneous, conduction inside the material has to be considered.
Indeed, as explained previously, the standard TSA method requires an adiabatic behaviour. If this condition
is not satisﬁed, the non-adiabatic behaviour has to be taken into account [7].
The case of a bending test, with a well known stress ﬁeld is now described. In this test, the ﬁrst stress
tensor invariant evolves within the specimen thickness. It is given by
I1 = σxx = −MI z, (7)
where M [N.m] denotes the bending moment, I [m4] denotes the quadratic moment and z [m] the position in
the specimen thickness (z = 0 being the neutral ﬁbre and z = e/2 the observed surface). As the stress ﬁeld
evolves along the specimen thickness, the 1D heat equation [8, 9],
θ˙(z, t) +
(
k
ρC
)
d2θ(x, t)
dz2
+
θ
τeq
=
−2απT0
ρC
1 − R
2
Mz
I
cos(2π f t) (8)
has to be considered instead of the 0D heat equation, k [W.m−1.K−1] being the isotropic thermal conductivity
and
R =
Fmin
Fmax
(9)
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the load ratio.
If adiabatic behaviour holds, the temperature cyclic amplitude is supposed to be linear along the speci-
men thickness, and the temperature observed at the surface is described by
θamp−adi(e/2) =
1 − R
2
M
I
e
2
αT0
ρC
. (10)
In order to characterize the diﬀerence between actual loading conditions and adiabatic conditions, Eq.
8 is solved with the Crank-Nickolson diﬀerence ﬁnite method for several loading frequencies and material
parameters. An analysis of the solution leads to a deﬁned parameter
Cadi =
k
ρCe2
, (11)
to describe the inﬂuence of the specimen geometry and material on adiabatic conditions. Two specimens
with the same value of Cadi require the same loading frequency to have an adiabatic behaviour. Fig. 2 shows
the evolution of the diﬀerence between temperature from adiabatic behaviour and the temperature at the
surface of the specimen
Eadi = 1 − | θamp−adi(e/2) − θsol(e/2) || θamp−adi(e/2) | , (12)
with the loading frequency and the parameter Cadi. Thus, for heterogeneous stress ﬁeld, the determination
of the stress from temperature measurement has to take into account this factor.
Fig. 2: Diﬀerence between the observed thermoelastic coupling amplitude and the thermoelastic coupling in adiabatic conditions
Moreover, the observation of the stress ﬁeld with an infra-red camera requiring the use of a paint, so
that the paint eﬀect has to be studied too. The paint having a low conductivity, thermal signal might be
lost between the surface of the specimen and the observed surface of the paint, as showed by [10]. In
order to characterize the signal loss due to the paint, the one dimensional heat equation previously deﬁned
is used to describe the cyclic signal observed at the surface of the paint when a cyclic thermal signal is
applied on the other side of the paint from the loaded specimen. Material parameters used for the paint are
k = 0.25W.m−1.K−1 and C = 2000.106J.kg−1.K−1. As in the study of non-adiabatic behaviour eﬀect, the
factor
Epaint = 1 − | θsol(e/2) − θamp−paint || θsol(e/2) | (13)
is deﬁned to take into account the eﬀect of painting on the observed signal, with θamp−paint [K] the thermal
amplitude observed at the surface of the paint and θsol(e/2) [K] the temperature at the specimen surface.
The evolution of the parameter Epaint with the paint thickness and the loading frequency is shown on Fig.
3. This result shows that a paint thickness beyond 10 μm coupled with a loading frequency beyond 10 Hz is
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Fig. 3: Diﬀerence between the observed thermoelastic coupling amplitude at the paint surface and the thermoelastic coupling at the
specimen surface
not expected to induce a loss of amplitude concerning the signal observed by the infra-red camera compared
to the temperature amplitude at the surface of the specimen.
All these hypothesis are applied to a bending test. A four points bending test is performed on a specimen
of 200 × 30 × 8 mm3. Cyclic load is applied, with a load ratio R = 0.1 and a maximal load Fmax = 6kN,
which corresponds to a stress amplitude of 105 MPa at the surface of the specimen. Fig. 4 shows the
evolution of the thermoelastic coupling amplitude at the specimen surface for loading frequencies from 0.1
kN up to 30 Hz observed with an infra-red camera. The observed amplitude increases up to a frequency of
10Hz due to loading conditions which gets conditions close to adiabatic behaviour. Then, beyond 10Hz, the
observed amplitude decreases because of the paint eﬀect. A paint thickness of 20 μm is measured on the
bending specimen by a coating thickness meter (Sauter). The thermoelastic coupling temperature amplitude
calculated from Eq. 5 taking into account the diﬀerence with a specimen with adiabatic behaviour with
the factor Eadi previously calculated and the paint eﬀect with the factor Epaint for a 20 μm thickness is also
shown on Fig. 4. Thus, the measured thermoelastic coupling is well described only if paint eﬀects and
non-adiabatic behaviour are considered.
Fig. 4: Comparison between bending test thermoelastic coupling and the model
The TSA method being validated for a heterogeneous stress ﬁeld with the use of a parameter describing
the loss of information due to non-adiabatic behaviour and a parameter describing the eﬀect of the paint used
to measure the specimen temperature with an infra-red camera, it is now applied to a complex structure: a
car wishbone.
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E[GPa] ν [-] ρ [kgm−3] C [Jkg−1K−1] k [Wm−1K−1]
210 0.3 7800 446 47
Table 1: HR60 steel thermomechanical properties
3. Experimental devices
In this section, the specimen and its test assembly are described. A kinematic study is performed to
validate experimental displacements and the numerical model used to calculate stress ﬁeld, which are then
compared to the ﬁrst stress tensor invariant identiﬁed with the TSA method.
3.1. Specimen
The studied specimen is a front car wishbone provided by PSA Peugeot Citroe¨n displayed in Fig. 5.
This structure is made of three parts, the wishbone body (green part) obtained from a 4mm thick HR60 steel
sheet whose properties are described on Table 1, a ring support (blue part) in the same material, and a ring
to link the wishbone to the chassis (red part). These three parts are assembled with standard Gas Metal Arc
Welding (GMAW). In the car, the wishbone is linked to the chassis through the ring (E1) and the hole down
on Fig 5 (E2). It is also connected to the wheel carrier by the three holes on the left side (D). The wishbone,
associated with suspension, has to transmit loading from the wheel to the chassis. The suspension mainly
deals with out of plane (following 
z) loads, while the wishbone experiences in plane loads. The wishbone is
a high safety part, thus any fatigue failure is supposed to be prevented.
Due to the complexity of this structure, a special test assembly has to be created to perform fatigue tests.
Fig. 5: Car wishbone
3.2. Test Assembly
An experimental test assembly has been worked out to perform fatigue tests and thermal analysis on car
wishbones. The fatigue machine is a standard servo-hydraulic testing machine, a MTS with a capacity of
50kN. The purpose of the test assembly is to link the wishbone to the testing machine through the columns
as shown on Fig. 6a. In order to avoid hyperstatism, the upper side of the wishbone is connected to the
column by a cylindrical pair and the lower part by a spherical pair with sliding following 
z. The cylindrical
pair is achieved by two spherical bearings and an axle, the wishbone’s ring is linked to the axle through
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a cylinder clamping bushes in order to minimize friction which perturbs thermal measurements. Another
spherical bearing is directly embedded in the lower part of the wishbone, the interior part of this bearing is
free to slide along its axles. The load is applied in the 
x direction through a lifting eye. The load always
remains positive in order to avoid contact loss between the clevis connected to the hydraulic jack and the
lifting eye (Fig. 6a).
(a)
(b)
Fig. 6: (a) overall test assembly ; (b) black and white pattern for SDIC
The test assembly being described, kinematic tests are performed in order to validate in plane displace-
ments and validate the numerical model used to calculate stress ﬁeld.
3.3. Kinematic measurement
The wishbone displacement is measured by a Stereo Digital Image Correlation (SDIC), a GOM mbH
Aramis system composed of two cameras. A standard random black and white pattern is applied to the wish-
bone to provide reference points to the system (Fig. 6b). A picture is taken in the reference position of the
studied object, then the load is applied and a second picture is taken. The software calculates displacements
between the reference state and the loading state. Six cycles between 0, 5 and 6, 0 kN are performed before
taking the reference picture in order to put the wishbone in its equilibrium position. The initial 0, 5 kN is
recovered to take the initial picture. The value of 0, 5 kN instead of 0 kN is chosen to keep strength in the
wishbone and not taking the risk of losing the beneﬁts of the ﬁrsts cycles. Then a load of 6, 0 kN is applied
and the second picture is taken. Fig. 7a and 7b show the displacements following 
x and 
y. These displace-
ments are maximal around the loading point and minimal close to the linkage with the columns. As shown
on Fig. 7c, the out of plane displacement is low comparatively to the other displacements, which validates
the desired load and lets us avoiding jack’s damages.
The observed kinematic ﬁeld is now used to feed the Finite Element model and recover the stress ﬁeld.
3.4. Finite Element Method simulation
The FE model used is provided by PSA. It is a 2D shell model, welded joint are modelled with unde-
formable beams according to the Fayard method ([11]). As this paper deals with fatigue, the specimen is
considered as remaining elastic for loading conditions applied here. The load is applied to the point D which
is coupled to the three holes and correspond to the position of the clevis. Displacement boundary conditions
are applied to E1 and E2 which are coupled to the upper ring and the lower hole respectively.
The assembly being not perfectly stiﬀ, its stiﬀness has to be considered in the model through the bound-
ary conditions applied to points E1 and E2.
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(a) (b) (c)
(d) (e) (f)
Fig. 7: (a) (b) (c) experimental displacements following 
x, 
y and 
z respectively ; (d) (e) (f) simulation displacements following 
x, 
y and

z respectively
For the upper kinematic pair, E1, which is a cylindrical pair, displacements following 
x and rotations
around 
x axis are free. Rotations around 
y and 
z are not allowed. In order to consider the assembly stiﬀness,
displacements along 
y and 
z are modelled with springs, i.e. the displacement of the point E1 is proportional
to the applied load. Due to the axisymetry of the ring, the cylinder clamping bushes and the axle, compliance
of these springs are equal. Displacements of E1 are then described by
Uy(E1) = EupFy(E1) and Uz(E1) = EupFz(E1) (14)
with Eup [mm.N−1] the springs compliance, and F• [N] and U• [mm] the forces applied to E1 following •
and the associated displacements.
For the lower kinematic pair, E2, all rotations are free such as the displacement along 
z. Then, only
displacements along 
x and 
y are allowed, modelled by springs which are considered as being equals for the
same reason as the upper boundary conditions displacements, leading to
Ux(E2) = EdownFx(E2) and Uy(E2) = EdownFy(E2) (15)
with Edown [mm.N−1] the springs compliance.
Thus, two parameters, Eup and Edown, have to be identiﬁed to describe the stiﬀness of the test assem-
bly. This identiﬁcation is performed by comparing simulation displacements to experimental ones obtained
previously.
3.5. Parameters identiﬁcation
The displacement following 
x of the wishbone’s ring being free, only the lower kinematic pair stiﬀness
has an inﬂuence on this displacement between E1 and E2. Thus, the 
x displacement along a line between
E1 and E2 (yellow on Fig. 5) is extracted from experimental and numerical results, and an optimization of
Edown is performed to minimize the diﬀerence between these two results as shown on Fig. 8a. Then, once
Edown is identiﬁed, the same method is used with the 
x and 
y displacements along a line (red on Fig. 5)
between E1 and the loading application point, which corresponds to an area with an important evolution
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of these displacements along the wishbone and its maximal values. The minimization of the displacement
diﬀerence following both 
x and 
y leads to the identiﬁcation of Eup (Fig. 8b and 8c). Fig. 7 shows a good
accordance of the overall displacements in the three directions between the model and experimental data
after the identiﬁcation of the two compliance parameters.
(a) (b) (c)
Fig. 8: Experimental and FEM displacements : (a) Ux following the yellow line (l1); (b),(c) Ux and Uy following the red line (l2)
3.6. Application of the TSA method to the wishbone
A cyclic loading under force control with a constant amplitude is performed to the wishbone. A maximal
load Fmax = 8 kN is applied with a load ratio R = 0.1 and a frequency of 10 Hz, which is the best frequency
for TSA studies to obtain conditions close to adiabatic behaviour and minimize paint eﬀects. All along the
testing procedure, the temperature of the wishbone is measured by the infra-red camera used for tensile and
bending tests. The sine amplitude of the temperature evolution caused by thermoelastic coupling is identiﬁed
for each pixel. Then, Eadi and Epaint are calculated for the wishbone and the TSA method is applied to get
the ﬁrst stress tensor invariant. Results from the TSA method and from the ﬁnite element model described
previously are shown on Fig. 9 with the same color scale. There is a good accordance between the model
and the thermoelastic coupling results with the same location and amplitude of stress concentrations.
4. Conclusion
The present paper deals with the ﬁrst stress tensor invariant amplitude determination of a complex steel
sheet welded structure, a car wishbone, by the TSA method. The inﬂuence of non-adiabatic behaviour has
been taken into account in the TSA method, with the loading frequency and a parameter depending on the
specimen geometry and its thermal properties to provide good results for heterogeneous cases. Moreover,
a model has been proposed to determine the inﬂuence of the paint used to measure eﬃciently the structure
full ﬁeld temperature with an infra-red camera. Then, kinematics measurements have been performed to
validate the Finite Element simulation of the wishbone, and let the calculated stress ﬁeld associated to it
to be compared with the experimental measurement method. Finally, the TSA including non-adiabatic and
paint eﬀects has provided good results compared to FEM numerical results, i.e. the ﬁrst invariant stress
amplitude.
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(a)
(b) (c)
Fig. 9: Stress amplitude : (a) ﬁrst invariant amplitude from FEM ; (b),(c) ﬁrst invariant amplitude from TSA
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